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Abstract

Stroke is a leading cause of disability in adults and upper limb
impairment is one of the most common functional limitations in
individuals after stroke. Stroke recovery of the upper limb has been
sparsely assessed using kinematic methods coupled with the virtual
reality technique, despite its availability for stroke rehabilitation.
There is little data regarding the relationship between objectively
assessed arm function and self-perceived manual ability in
individuals after stroke.

The overall aim of this thesis was to develop a method for
assessing the upper limb sensorimotor function following stroke
using virtual reality-based technique. The specific aims were to
determine discriminant validity, concurrent validity and
longitudinal change of kinematic variables, along with establishing
the relationship of self-perceived manual ability with kinematic
variables from day 3 to month 12 after stroke.

Methods: The studies reported in this thesis included 67
individuals extracted from the SALGOT (Stroke Arm Longitudinal
Study at the University of Gothenburg) cohort and 43 healthy
controls. They performed the target-to-target pointing task in a
virtual environment using a haptic stylus that captured kinematic
parameters. The main clinical outcome measures used for these



studies were: Fugl-Meyer Assessment for Upper Extremity (FMA-
UE), Action Research Arm Test (ARAT) and ABILHAND
questionnaire.

Results: The kinematic variables of movement time, mean velocity,
peak velocity and number of velocity peaks were discriminative for
groups with moderate to mild stroke impairment, as well as healthy
controls. Mean velocity and number of velocity peaks together
explained 16% of the FMA-UE score, while movement time and
number of velocity peaks explained 13% and 10% of ARAT score
respectively. Movement time, mean velocity and number of velocity
peaks showed improvement over time and were affected positively
by younger age, less severe stroke and ischemic compared to
hemorrhagic stroke. Except for the measurement at 6 months,
movement time and number of velocity peaks differed significantly
from that of healthy controls within one year after stroke. The
correlation between self-reported manual ability and kinematic
variables were low or very low early after stroke, which became
moderate to high after 6 months for movement time and number of
velocity peaks, but remained low to moderate for mean velocity and
low for peak velocity.

Conclusions and clinical implications: The end-point kinematic
variables, particularly movement time and number of velocity
peaks were demonstrated to be most effective in characterizing the
upper extremity function and for capturing the improvement over
time after stroke. This knowledge is useful in movement analysis
research, especially in the development of new virtual reality-based
devices. As there is a discrepancy between self-reported and
objectively assessed arm function especially in the acute stage of
stroke, a combination of self-reported and objective assessments of
the upper limb should be used as outcome measures for gathering
full understanding of the individual’s functional level and for setting
achievable rehabilitation goals.
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Populirvetenskaplig sammanfattning

Stroke ar ett tillstdnd dar blodtillforseln minskar till delar av
hjarnan, antingen pa grund av en blodpropp eller pa grund av en
blodning vilket leder till en hjarnskada. Det gor att efter en stroke
ar det vanligt att individer upplever nedsatt formaga att
kommunicera, komma ihag saker, rora sig eller ha nedsatt kéansel.
Omkring 50-80% av de som drabbats av stroke uppvisar
funktionsnedsattning i armarna. Dessa funktionsnedsattningar
kommer i sin tur att paverka personens formaga att delta i sina
dagliga aktiviteter. Eftersom miljontals personer runt om i varlden
lever med f6ljderna av stroke, ar det viktigt att forska om
funktionen i 6vre extremitet efter stroke.

[ denna avhandling 1ag fokus pa att skapa en ny metod for att méata
armfunktion hos personer efter stroke. Armrorelserna mattes med
en enkel, datorbaserad arbetsuppgift som anvander virtual reality,
en teknik som anviands i 3D-filmer. I denna uppgift anviande
deltagarna en pennliknande enhet for att peka och trycka pa
virtuella foremal placerade framfor kroppen. Enheten registrerade
rorelser tid och rumi tre dimensioner. Rorelsedata bearbetades och
omforhandlades till matematiska komponenter, sa Kkallade
kinematiska matt, som anvandes for att studera rorelsemonster.
For de fyra studier som finns i denna avhandling samlades data in
fran 67 personer med stroke och 43 friska personer.

Studie I syftade till att ta reda pa skillnader i rorelsemodnster hos
personer med mild och mattlig nedsattning av armfunktion efter
stroke jamfort med friska personer. Studien visade att kinematiska
matt sdasom rorelsetid, medelhastighet, maxhastighet och
rorelsesmidighet var annorlunda hos personer med nedsatt
armfunktion vid stroke jamfort med friska personer. Denna
information ar mdojlig att anvanda for planering av behandling av
personer med stroke.

Studie II syftade till att ta reda pa hur val de kinematiska matten ar
relaterade till kliniska bedémningsinstrument. Tva
bedémningsinstrument anvandes, en som beddomer
funktionsnedsattning (Fugl-Meyer bedémning av sensomotorisk
funktion av 6vre extremitet) och en som bedomer aktivitetsformaga
(Action Research Arm Test). Resultaten visade att nedsatt
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armfunktion kan i viss grad (16%) forklaras med kinematiska matt
pa medelhastighet och rorelsesmidighet. Aktivitetsformaga kan i
viss utstrackning (10-13%) forklaras med rorelsetid och
rorelsesmidighet. Detta betyder att kinematiska matt och kliniska
beddmningsinstrument verkar avspegla lite olika aspekter av
armrorelser hos personer med stroke. Darfor bor information fran
bdda inkluderas vid utvardering av nedsatt rorelseféormaga hos
personer med stroke.

Studie III syftade till att ta reda pa hur aterhdmtningen av
armfunktionen efter stroke visar sig genom en férandring av de
kinematiska matten mellan 3 dagar och 12 manader efter stroke.
Resultaten visade att rorelsetid, medelhastighet och smidighet
forbattras med tiden. Resultaten visade ocksa att armfunktion kan
forbattras aven efter tre manader efter stroke. Rorelsetid och
smidighet nddde ndstan normala nivder 6 manader efter stroke,
men forsdmrades igen vid 12 manader. Forbattringen var storre hos
yngre personer, som hade mindre allvarliga stroke och som hade en
stroke orsakad av en blodpropp och inte en blédning. Resultaten
tyder pa att personer med stroke kan ha svart att vidmakthalla sin
armfunktion sent efter sin stroke. Darfér kan de behdva fortsatt
hjalp fran sjukvarden for att uppna optimal forbattring och for att
forhindra forsamring.

Studie IV syftade till att ta reda pa hur den sjalvrapporterade
manuella formagan hos personer med stroke ar relaterad till
objektiva kinematiska matt. Resultaten visade att styrkan i
sambandet mellan sjdlvrapporterade och objektiva matningar var
lagre tidigt efter stroke och 6kade med tiden fram till 12 manader
efter stroke. Vara resultat visar pa att det kan vara svart for
individer att forsta och tolka hur de nya funktionsnedsattningarna
paverkar deras aktiviteter i det dagliga livet tidigt efter stroke. Man
bor ta hansyn till denna aspekt nar den manuella formagan bedoms
efter stroke. Uppgifter fran sjdlvskattningsinstrument &r
anvandbara bade for personer med stroke och Kliniker for att kunna
satta realistiska rehabiliteringsmal.

Ytterligare forskning som analyserar armens rorelseférmagan och -
kvalitet i olika aktiviteter behovs for att forsta de underliggande
mekanismerna vid aterhdamtning efter stroke. Resultaten fran
denna avhandling ar anviandbar ndr nya utvirderings- och
rehabiliteringsmetoder utvecklas.
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Popular Science Summary

Stroke is a condition where blood supply carrying nutrients and
oxygen gets reduced to a focal part of the brain, either due to a clot
or due to bleeding. After stroke, it is common for individuals to
experience reduced ability to communicate, remember things or
move or sense one side of the body. Approximately 50-80% of
individuals after stroke have impairments of the upper limb. These
impairments will in turn affect the person’s ability to take part in
her or his daily-life activities. As millions of people around the world
live with the aftereffects of stroke, it is important to conduct
research about their upper limb function after stroke.

In this thesis, the focus was on creating a new method for measuring
the arm function of people with stroke. The arm movements were
measured with a simple, computer-based task that uses virtual
reality, a technology used in 3D movies. In this task, the participants
used a pen-like device to point at virtual targets placed in front of
the arms’ working space. This device registered the participants’
time and route of movement in the 3D space. This movement data
was stored in a computer and extracted into mathematical
components, called kinematic measures, which were useful for
studying the movement patterns. For the four studies present in this
thesis, data from 67 people with stroke and 43 healthy people were
taken.

Study I aimed to find out the differences in movement patterns
between people with mild and moderate arm impairment after
stroke and healthy people. In this study, kinematic measures like
movement time, average speed, peak speed and movement
smoothness were found to be different in people with various levels
of arm impairment in stroke when compared to healthy people. This
information is useful for planning the treatment of people with
stroke.

Study II aimed to find out how well the kinematic measures are
related to the clinical scales commonly used for assessing arm
impairment. Two assessment scales, one assessing impairment
(Fugl-Meyer Assessment of Upper Extremity) and one assessing
activity capacity (Action Research Arm Test) were used. The results
showed that arm impairment to some degree (16%) could be
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explained by the kinematic measures of average speed and
smoothness. Activity capacity could be explained to some degree
(10-13%) by movement time and smoothness measures. This
means that kinematic measures and clinical scales seem to measure
somewhat different aspects of arm movement in people with stroke.
Therefore, information from both should be considered while
evaluating movement deficits in people with stroke.

Study III aimed to find out how the recovery of arm function after
stroke occurs in terms of improvement in kinematic measures
between 3 days and 12 months after stroke. The results showed that
movement time, average speed and smoothness get better with
time. This improvement is increased further in people who are
younger, who have less severe stroke and who had a stroke caused
by a clot and not a bleeding. The results also showed that the arm
function could improve even beyond 3 months after stroke.
Movement time and smoothness reached almost normal levels at 6
months after stroke, but decreased again at 12 months. This
indicates that people with stroke can have difficulty in retaining
their arm function at later stages of stroke and that they might need
some help from the healthcare system in order to continue to
recover and to prevent their arm function from becoming worse.

Study IV aimed at finding out how the self-reported manual ability
of people with stroke is related to objective kinematic measures.
The results showed that the strength of relationship between self-
reported and objective measurements was lower early after stroke
and increased with time until 12 months after stroke. Our results
indicate that in the early stages of stroke, it can be difficult for
individuals to fully perceive and interpret how the new deficits can
impact their activities of daily life. This aspect should be considered
while the manual ability is assessed after stroke. Furthermore,
information from self-reported scales is useful for people with
stroke and for clinicians in order to set realistic rehabilitation goals.

Further research using analysis of movement performance and
quality in different upper limb tasks is needed to understand the
underlying mechanisms of recovery after stroke. Knowledge from
this thesis is useful when new assessment and rehabilitation
methods are developed.
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Introduction

Stroke

Stroke is a non-communicable disease that is caused due to the
interruption of blood flow to parts of the brain, causing sudden
death of brain cells. Stroke is defined by the World Health
Organization (WHO) as “rapidly developing clinical signs of focal (or
global, in case of deep coma) disturbance of cerebral function,
lasting more than 24 hours or leading to death, with no apparent
cause other than of vascular origin” (1, 2). Based on the mechanism
of interruption to the blood flow, stroke is classified into ischemic
stroke and haemorrhagic stroke, with haemorrhagic stroke being
further classified into intracerebral haemorrhage and subarachnoid
haemorrhage depending on the site of bleeding. Ischemic stroke is
caused by focal infarction to the brain secondary to interrupted
blood flow, while intracerebral haemorrhagic stroke results from a
focal collection of blood in the brain parenchyma or ventricles.
Stroke due to subarachnoid haemorrhage is a consequence of
bleeding into the subarachnoid space in the absence of trauma (3).
The worldwide incidence of ischemic stroke is twice as much as
haemorrhagic stroke (4).

The global lifetime risk of stroke is 25% from the age of 25 years
onward (5). Stroke is a leading cause for disability in adults (6),
accounting for 102 million Disability Adjusted Life Years (DALY)
lost in a total of 33 million individuals globally (4). Approximately
22,000 individuals in Sweden and 1 million individuals in India
suffer from stroke in a year (7, 8). Globally, 90% of the burden of
stroke was attributable to modifiable risk factors such as high blood
pressure, poor diet and smoking (9). Although stroke mortality is
decreasing worldwide, the global stroke burden is increasing
because of the expanding population numbers and an ageing
population (4, 10). The rising levels of two risk factors, obesity and
diabetes, play an important role in increasing stroke morbidity and
mortality (11).
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The physical impairment that follows stroke is heterogeneous and
varies with the region of the brain that has sustained the stroke.
Individuals with stroke may have various symptoms and sequelae,
including impairments in sensation, cognition, movements and
perception. As a result, individuals after stroke may face difficulties
in mobility, communication, social functioning and occupation in
addition to being physically dependent on others (12, 13). Thus,
stroke has immense impact not only for the individual, but also for
their family, caregivers and the healthcare system, including
substantial socio-economic impact.

Arm function after stroke

The upper limb is used for several day-to-day tasks such as pointing,
reaching, grasping, gripping and manipulating objects. The human
upper limb can perform isolated and coordinated movements as a
result of which performing several complex activities is made
possible. The main end-effector of the upper limb is the hand, while
the wrist, elbow, shoulder and trunk help to place the hand in space
(14). The control of upper limb movements is affected by the task,
object and the environment (15).

In stroke, the prevalence of upper limb motor impairment is
approximately 50-80% in the acute stage (16-18) and 40-50% in
the chronic stage (17, 19). Some degree of motor recovery is shown
by 65% of the individuals hospitalized after stroke, while complete
motor recovery occurs in less than 15% of the individuals (20). In
stroke, the arm that is more affected is contralateral to the affected
side of the brain. However, the ipsilateral arm might also have
impairments to a lesser degree (21-24). The common upper limb
impairments after stroke are paresis, abnormal muscle tone and
somatosensory changes (25).

Upper limb impairment after stroke results in activity limitation.
Therefore, individuals after stroke may experience limitations in
performing daily-life tasks. These functional limitations lead on to
difficulties in several day-to-day activities such as feeding, dressing,
bathing and driving. Individuals with stroke also report self-
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perceived limitation of arm function (26-28). Arm function can be
perceived as limited, even with good observed function of the more-
affected limb (26, 28, 29). Accurate assessment of both self-
perceived and objective arm function is crucial in understanding the
limitations faced by individuals with stroke, devising rehabilitation
strategies and developing technology-based devices for
rehabilitation.

Stroke Rehabilitation

Rehabilitation is defined as “a set of measures that assist individuals
who experience, or are likely to experience disability, to achieve and
maintain optimal functioning in interaction with their
environments (30). Rehabilitation comprises of a large array of
interventions in the biomedical, psychological, social, educational
and vocational domain, which can be implemented in institutional
or community-based settings (31).

Stroke rehabilitation involves the cyclical process of assessment
(identification and quantification of the needs of the individual),
goal setting (defining realistic goals for improvement), intervention
(assist the achievement of goals) and re-assessment (assess the
progress towards goals) (13). Post-stroke care delivery in a stroke
unit and by a multidisciplinary team has been found to be effective
for stroke rehabilitation (32, 33). A stroke unit is a designated unit
exclusively for individuals after stroke where acute stroke care is
provided by multidisciplinary staff. The stroke unit is involved in
structured assessments of impairments, early mobilization and
rehabilitation (33). Individuals who received organized stroke care,
such as in a stroke unit, are likely to survive the stroke, return home
and regain independence compared to those who received less-
organized service (33).

Rehabilitation of the upper limb is of great importance in stroke
rehabilitation (34). Interventions such as task specific training,
constraint-induced movement therapy, robot assisted training,
virtual reality, mental practice with motor imagery and relatively
high doses of repetitive task practice were found to be beneficial for
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rehabilitation of upper limb after stroke (13, 35, 36). Evidence-
based physiotherapy and occupational therapy were also found to
be effective for reducing post-stroke impairment of the upper limb
(37, 38).

The ICD and ICF frameworks

The International Classification of Diseases (ICD) is the global
standard for diagnostic health information (39). At the time of
conception of this thesis, the 10th edition of ICD was in use, where
stroke was classified under diseases of the circulatory system, and
the diagnosis codes I61(intracerebral hemorrhage) and 163
(cerebral infarction) were applicable for the cohort of this thesis
(40). In the 11th edition of ICD released in 2018, stroke was
classified as a disease of the nervous system, and now the diagnosis
codes 8B00.Z (intracerebral hemorrhage) and 8B11 (cerebral
ischemic stroke) apply to the cohort of this thesis.

Health Condition

stroke
Body function . e
y P Activities _ | Participation
and structure [€> g <> g
. Limitation Restriction
Impairment
) i)
Environmental Personal
Factors Factors

Figure 1. The ICF model showing the interaction of various components

The diagnosis alone cannot explain a person’s level of functioning
and disability. Hence, the International Classification of
Functioning, Disability and Health (ICF) was introduced by World
Health Organization for eliciting and recording information on the
functioning and disability of an individual (41). The ICF provides a
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universal, comprehensive and internationally accepted terminology
for describing the functioning of an individual. It can be used for
capturing, collecting and summarizing various aspects related to
stroke in clinical and research context. Thus, it provides a
comprehensive description of a person’s individual functioning
profile, in turn helping to better understand the person’s specific
needs (41). The ‘functioning and disability’ components of the ICF
are: Body functions and structures, Activities and Participation
(Figure 1). The contextual factors are environmental and personal
factors, both of which may have an influence on all three
‘functioning and disability’ components.

Health Condition
(stroke)

| !

Body functions and structure

Kinematic variables, FMA-UE, Spasticity, Activities

passive range of motion, grip strength,
pain, cognitive function, NIHSS

Participation

-
Activity Capacity Activity Performance
ARAT

Perceived performance Actual performance
ABILHAND

Figure 2: The outcome measures used in this thesis, classified according to ICF.

Performance and capacity are two constructs that can be used as
qualifiers in indicating how the environment impacts a person'’s
activities and participation. According to the ICF, capacity relates to
what an individual can do in a standardized environment while
performance relates to what the person actually does in her or his
current environment (41). The gap between capacity and
performance reflects the difference between the impacts of current
and uniform environments (42). The outcome measures used in this
thesis, classified according to ICF are shown in Figure 2.
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Recovery after stroke

The motor recovery after stroke occurs in a non-linear pattern. The
highest improvement occurs within the first four weeks after
stroke, with continued recovery happening mainly until three
months after stroke (20, 43, 44). Arm recovery continues to occur
even after three-months post-stroke, but to a much lesser degree
(43). Sixty-eight percent of individuals with stroke indicate that
they have incomplete recovery at 3 months post-stroke, and 71%
report not attaining full recovery at 12 months after stroke (12).

There is a wide variation in individual stroke recovery curves of the
upper limb between individuals (45), possibly because several
factors affect stroke recovery simultaneously. However, some
factors are commonly found to affect stroke recovery in a significant
way. There is a strong relationship between initial grade of paresis
and the functional recovery after stroke, with better recovery
occurring in those with lower initial grade of paresis (20, 46, 47).
Individuals with hemorrhagic stroke have higher initial arm
impairment, but at three months after stroke, there is no difference
in their arm function compared to those with ischemic stroke (48,
49). Those with affected dominant arm are more likely to gain
better hand strength and lower muscle tone than those with more-
affected non-dominant arm (50). Females are less likely to achieve
functional independence and have poorer quality of life than males
at least until 3 months after stroke (51).

Evidence from animal studies show that number of pre-injury and
post-injury factors can affect the recovery after brain injury. Pre-
injury exercise and environmental enrichment (such as stimulating
physical and social surroundings) protects the animal from
damaging effects of brain injury (15). Post-injury factors that affect
recovery of function are: pharmacological treatments (which
reduce the nervous system’s reaction to injury and promote
recovery of function), neurotrophic factors (such as insulin-like
growth factor), post-injury exercise and training (15).
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Assessment of arm function following stroke

The assessment of upper limb function is central in rehabilitation
research and clinical practice for determining the prognosis,
planning the course of treatment and evaluating the treatment
effects following stroke (52, 53). Conventionally, the assessment of
motor function after stroke is performed using standardized clinical
scales that measure body function and activity as per the
International Classification of Functioning, Disability and Health
(ICF) (41).

Clinical scales are the most frequently used assessment methods for
post-stroke arm function in research and clinical settings (54). The
Fugl-Meyer Assessment of Upper Extremity (FMA-UE), a clinical
scale for assessing post-stroke arm function is the most popular
scale for assessment of arm function after stroke, with 36% of
intervention studies reporting its use between 2004 and 2015 (54).
The popularity of the FMA-UE is probably because of its excellent
psychometric properties (55), non-reliance on special equipment
and long legacy of use in clinical trials. However, as most clinical
scales are observer-based, ordinal instruments, they lack the
sensitivity to measure subtle sensorimotor deficits in stroke. They
are affected by observer bias as well as floor and ceiling effects (56).
The limitations of observer-based scales were overcome by
introducing techniques for objective measurement of arm function.
Some devices such as hand dynamometers have been in use for long
time for objective measurement of grip strength, while newer
techniques measuring motor performance, such as kinematic
analysis, have been introduced more recently.

Kinematic assessment of upper limb

Kinematics is the study of motion of objects, without reference to
the forces involved (57). Kinematic analysis involves measuring the
kinematic quantities that describe the motion of objects. The
popularity of kinematics as an outcome measure after stroke is
growing, with 13% of the studies between 2004 and 2015 reporting
its use (54). There is also an increasing trend of use of kinematic
analysis in combination with FMA-UE as outcome measures in
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research studies (54). Kinematic analysis allows for sensitive
measurements, eliminates observer bias and does not have ceiling
effect. Ipsilateral impairments in stroke, which are generally subtle
and often difficult to detect using traditional clinical assessments,
can be assessed using kinematic analysis (21-24).

The outcome of kinematic analysis is captured as kinematic
variables either in two or three dimensions. Some of the commonly
used kinematic variables are metrics related to time, velocity and
movement smoothness (58). Dozens of kinematic variables are
described in literature, which are useful in capturing various
aspects of stroke impairment (59-61).

Kinematic assessment of the upper limb can be performed using
several methods. Motion capture systems (60) inertial
measurement units (IMUs) (62) and robotic devices (63) are the
three different methods presently in use for the Kkinematic
assessment of upper limb after stroke. Motion capture can be done
using optoelectronic cameras, electromagnetic or ultrasound based
devices (60). Optoelectronic system includes a set of high-speed
cameras (usually 3-6, but systems with 16 cameras are often used
for gait analysis) which can track the position of markers placed on
a subject’s body using infrared light pulses. Markers attached on the
body segments are captured simultaneously and tracked by
multiple cameras providing three-dimensional movement data. A
set of kinematic variables, such as movement time, speed and
acceleration can be calculated from this data. Since several markers
are used, the movements of markers relative to each other can also
be captured. This provides a possibility to measure joint angles and
angular velocities as well. Tasks such as reach-to-grasp, reach-to-
target and pointing have all been studied using motion capture
systems (60).

Inertial measurement units (IMU) comprise of accelerometers and
gyroscopes and is used for motion tracking and analysis. They can
be integrated into wearable devices, and hence useful for
continuous monitoring of an individual’s activities outside lab
settings (64). Currently, IMUs are recommended to be used only in
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conjunction with a camera-based system because of insufficient
research around its usefulness (65).

Robotic devices can be broadly classified as exoskeletons or end-
effector devices, even though it is not possible to make a strict
demarcation between the two types (66). Robotic exoskeletons
involve using electronic, computerized control systems to assist
arm movements. In addition to kinematic assessment (61), robotic
exoskeletons have been used for rehabilitation (67). Exoskeletons
vary based on the level of influence exerted by them. Influence
refers to the interaction between the individuals and the
measurement system that influences the natural free movements,
such as the weight of the device and maneuverability. An ideal
exoskeleton should have minimal influence in order to be used for
assessing natural movements. Pointing, drawing shapes and reach-
to-grasp are some of the tasks that have been studied using robotic
exoskeletons in individuals with stroke (61). Depending on the
maneuverability of the device, the task is performed in 2D or 3D.
Robotics allows for capturing kinematic parameters related to time,
speed, movement planning, inter-limb coordination, range,
smoothness and accuracy (59).

In end-effector devices, movements are generated from the most
distal segment of the extremity, and no alignment is required
between the joints of the person and the robot (66). They exert
minimal influence compared to exoskeletons, and therefore, free
arm movements within a pre-defined working space can be
performed using this setup. Kinematic data is captured when the
individual moves the end-effector by holding it in their hands.
Therefore, the dynamic interaction between the components of the
upper limb and trunk cannot be captured using this method. On the
other hand, end-effector devices are relatively inexpensive, easy to
set-up and use compared to optoelectronic cameras and robotic
exoskeletons. Thus, end-effectors find application in the assessment
and rehabilitation of arm function in conditions such as stroke (68),
multiple sclerosis (69) and cerebral palsy (70).
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Reaching and pointing movements

Reaching and pointing are two common goal-directed tasks
performed using upper limb. Reaching involves moving the arm
away from the body in a specified direction with the aim to point or
grasp something. Pointing involves reaching out with the arm in
order to point or touch something with a finger or a hand. Reaching
and pointing are used in daily life activities such as pushing a
button, interacting with a touch screen and pressing an electric
switch.

The two mechanisms that control movements such as reaching and
pointing are feedback control and feedforward control. Feedback
control occurs in response to sensory feedback from visual,
vestibular and somatosensory organs (15). In feedback control,
sensory input of the position of the arm is compared to the desired
position of the arm. The difference between the sensory input and
the desired state is used to activate the arm muscles and update the
movement of the arm. On the other hand, feedforward, or
anticipatory control refers to postural responses which are made in
anticipation of voluntary movement (15). It involves continuous
updating of information from prior experience to activate the
muscles to the correct level for achieving the desired output. In the
pointing task used in this study, feedforward control likely governs
the first visually triggered outward movement, and feedback
control is responsible for the later part of the movement where
more precision is needed for touching the target.

In healthy individuals, the velocity profile of a goal-directed
reaching or pointing task is bell-shaped, with one predominant peak
that contains two main phases: the acceleration phase and the
deceleration phase (Figure 3). The acceleration phase is the visually
triggered outward movement which brings the hand to the vicinity
of the target. This is followed by a slower deceleration phase, where
the remaining distance towards the target is covered under visual
regulation (71). Most of the distance towards the goal is covered
during these two phases.

In goal directed-movements, the deceleration phase is sometimes
overlapped with submovements containing several smaller peaks.
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Submovements occur when final corrections to the movement
trajectory needs to be made in order to reach the goal (72). Goal-
directed movements of the upper limb follow a speed-accuracy
trade-off according to Fitt’s law (73). Fitt’s law states that the time
required to move to a target is a function of the ratio between the
distance to the target and the width of the target. Thus, the longer
the distance to the target and smaller the target size, the more time
it takes for moving towards it. The velocity profile of a goal-directed
movement is nearly symmetrical when the accuracy requirements
are low. The need for accuracy is increased with decreasing size of
the target. When the need for accuracy is increased, the deceleration
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Figure 3: The velocity profile of the fast pointing task in a healthy individual.

phase becomes elongated, which is more prominently seen towards
the end of the movement (74). It takes longer time to grasp an object
than to point and hit a target because the acceleration phase is
shorter than the deceleration phase in pointing, while the opposite
is true for reaching (15, 75). For fast movements, additional
secondary corrections are often needed for attaining the target, due
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to which a secondary corrective phase containing submovements is
also seen (74).

The general shape of the velocity profile, including the relative
durations of acceleration and deceleration phases remain the same
when the distance to the target is increased. As a result, the peak
velocity and the movement time are increased, keeping the overall
shape of the velocity profile nearly intact (74). Another factor that
affects the velocity profile of a goal-directed pointing task is the
orientation of movement. For the same task performed in different
directions, both the shape of the velocity profile and the relative
durations of primary and secondary phases are affected. The
shortest movement times occur when the target is in line with the
subject (0 and 180 degrees), while the longest movement times
occur when the target is perpendicular to the subject (90 and 270
degrees)(74). Lateral movements that involve rotation about a
single joint are faster than perpendicular movements where
multiple joints are involved (74).

Psychometrics of measurements

The characteristics of an outcome measure are determined by
examining its psychometric properties. The three main
psychometric properties are validity, reliability and responsiveness
to change (76). Validity describes the degree to which a scale
measures what it is supposed to measure (77). Discriminant
validity involves the ability to discriminate between people of
various functional levels (78). Concurrent validity involves
comparing a new scale with an established measurement standard
(76). Reliability describes the consistency with which results are
obtained (76). Test-retest reliability is a subtype of reliability which
assesses the degree to which the scores from one test
administration is consistent with the next, under same testing
conditions. The kinematic variables from the target-to-target
pointing task used in this thesis has previously shown good test-
retest reliability in healthy controls (79). Responsiveness to change
is the extent to which significant changes in the subject’s state are
reflected in substantive changes in observed values (80).
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Virtual reality (VR)

Virtual reality (VR) 1is a computer-generated graphical
representation of the world, real or imaginary, using a three
dimensional interface (81). Over the past 15 years, there has been a
rapid growth in the number and type of VR applications used in
rehabilitation (82). In its early days, the large size, high cost and
limited accuracy were the main limitations to the use of VR in
clinical practice. Between 2006-2014, low cost VR systems got
introduced into the market, and off-the-shelf VR-based products
that did not target healthcare came to be used by clinicians as they
were user friendly and cost-efficient. High-end VR systems were
also clinically tested during this period (82). From 2015-2018, VR
technology became increasingly accessible, customizable and
accurate. In future, VR research is likely to make significant
breakthroughs, not only in the healthcare domain, but also in
engineering, education and communication (83).

There are three key concepts related to virtual reality: immersion,
presence and interactivity. The extent to which the user perceives
that they are in a virtual environment in a VR equipment is referred
to as immersion (84). Depending upon the range of immersion,
virtual reality devices can be classified into fully immersive, semi-
immersive and non-immersive. In fully immersive VR, the user feels
as if they have “stepped in” to the virtual world, such as in head-
mount displays. Semi-immersive VR offer limited range of
immersion into virtual environment. In non-immersive VR, the
virtual environment is viewed through a two-dimensional portal,
such as in a video game projected on a television screen (85). VR
devices also differ in terms of presence. Presence is the subjective
experience of the individual of “feeling of being in the virtual
world”(86, 87). Another related concept is telepresence, which is
the extent to which the user feels present in the virtual
environment, with the awareness of also being in the immediate
physical environment (87). Interactivity refers to the degree to
which the user can influence the form or content of the virtual
reality environment (88). For VR devices, increased presence and
interactivity contributes positively to immersion, and interactivity
contributes positively to presence (88).
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Virtual reality in rehabilitation

VR-technology has been employed in rehabilitation, particularly in
motor rehabilitation (89). VR-technology has increasingly been
used for stroke rehabilitation (84), and to a lesser extent, for
assessment of motor function after stroke (90, 91). Virtual reality
was found to be possibly beneficial in improving upper limb
function and activities of daily living when used as an adjunct to
usual care (84). However, high quality evidence is lacking, because
the studies had a small number of participants. A recent study
reported that when VR systems are specifically built for
rehabilitation, it is more effective than conventional therapy after
stroke (92). Despite VR systems being available for rehabilitation,
their usefulness as an assessment device is not adequately explored.
VR-based assessment might provide new information regarding
motor function in individuals with stroke, that might not be
captured using traditional clinical scales.

Some of the additional possibilities of VR-based therapy in
comparison with conventional therapy for the patient are the
provision to self-guide oneself, availability of naturalistic
performance record and the possibility of getting real-time
feedback (93). It offers therapists with an opportunity for remote
data access and tele-rehabilitation (94). In addition, the VR tasks
can be adapted and varied based on the level of functioning of the
individual (95). Participants have reported VR tasks to be enjoyable
and motivating (68, 96).

Some of the challenges in VR use in rehabilitation are related to the
lack of computer skills of the therapists and patients, high initial
investment, lack of infrastructure to support the equipment and
communication (such as for tele-rehabilitation) and concerns about
patient safety and privacy (95). There is little knowledge on if the
tasks performed in VR are performed in the same way in real-world
environment (97). Some tasks, such as reaching and grasping, were
found to be performed using similar strategies in both real and
virtual environments (98), but more research is needed to confirm
if this is true for all types of tasks and devices.
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Haptic technology

Haptic technology involves the use of a device to simulate rebound
force (force feedback), thereby creating a perception of touching or
manipulating virtual objects (99). Haptic devices can be either
contact devices or non-contact devices, depending on if the device
is held by the user. The common haptic devices used in VR
technology are contact devices, such as gloves containing
piezoelectric sensors and styli (100, 101). Pioneering research is
happening in non-contact haptic technology, where air vortex ring
generators or ultrasound waves can generate force feedback, but
commercial devices using this technology are still under
development (102, 103).

Haptic technology is perhaps more commonly used in video gaming,
but it also has applications in surgical training and rehabilitation
(104). Haptic devices are being tested for use in simulated operative
procedures, where the doctor can practice surgical techniques on a
virtual patient’s body (105). In rehabilitation, haptic technology is
used for assessing and improving the function of upper and lower
limbs in conditions where the sensorimotor function is impaired
(106). It is also used for assessment of hemi-neglect (107). The tip
of the haptic device captures the trajectory of movement in space,
thereby enabling the assessment of upper limb movements in
stroke. When coupled with VR, this system is able to give sensitive
and accurate 3D kinematics data of movements in virtual space.

Serious games

Serious games are technology-based interventions directed
towards rehabilitation rather than entertainment (108). Serious
games can be used both for assessment and training, and can, in
contrast to traditional assessment and rehabilitation approaches,
be perceived as challenging and fun because they can offer a game-
like environment, increasing levels of difficulty and possibility for
customization of the game interface (108). In rehabilitation, some
of the parameters that can be assessed during serious games are
motor function, executive functions, visuo-motor skills, attention
and memory (68, 107, 109).
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Aim

The overall aim of this thesis was to validate a method for assessing
the upper limb sensorimotor function following stroke using a
haptic-based virtual reality technique.

The specific aims were:

Study I: To determine the discriminant validity of VR-based
kinematics during target-to-target pointing task in individuals with
mild to moderate arm impairment and healthy controls.

Study II: To determine the extent to which end-point kinematic
variables obtained from the target-to-target pointing task are
associated with upper limb impairment or activity limitation as
assessed with clinical scales in individuals with stroke.

Study III: To determine when the recovery in kinematic
performance of upper extremity occurs over the first year after
stroke and to identify the factors that affect this recovery.

Study IV: To determine how the relationship between objective
kinematic variables obtained from the target-to-target pointing task
and self-reported manual ability varies during the first year in
individuals after stroke.
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Methods

Subjects and study design

The participants of this study were extracted from the Stroke Arm
Longitudinal Study at Gothenburg University - SALGOT study. The
SALGOT cohort consisted of 122 non-selected individuals with first
ever stroke admitted to the stroke unit at Sahlgrenska University
Hospital, Gothenburg, Sweden between 2010 and 2011 and
repeatedly followed up during the first year after stroke (110).The
inclusion and exclusion criteria based on the SALGOT cohort are
shown in Table 1.

Table 1. Inclusion and exclusion criteria based on the SALGOT cohort (110)

Inclusion criteria Exclusion criteria

stroke, determined according to upper limb condition prior to stroke

WHO criteria (1) that limits the functional use of the
arm

admitted within 3 days after stroke | severe multi-impairment or

onset diminished physical condition before

the stroke that would affect arm
age >18, living in Gothenburg urban | function

area short life expectancy due to other
illness or severity of stroke injury
impaired upper limb function at day | not Swedish speaking prior to the
3 after stroke (FMA-UE < 66) stroke incident

living outside Gothenburg

In the SALGOT cohort, each individual was assessed eight times
during the first year after stroke using a battery of clinical and
kinematic assessments. The assessments were carried out at 3 days,
10 days, 3, 4 and 6 weeks, 3 months, 6 months and 12 months after
the stroke onset.

A total of 67 individuals with stroke from SALGOT cohort and 43
healthy controls were included in this thesis. Cross-sectional study
design was used for Studies I and II while longitudinal study design
was used for Studies III and IV (Table 2). In study III and IV with
longitudinal data, the assessments carried out at week 3 and week
6 were excluded for analysis because these timepoints were less
prioritized during data collection, and had larger amount of missing
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data. The flowchart of the inclusion process specified for each study
is shown in Figure 4.

Healthy controls of commensurable age and gender distribution
were also recruited for the study. They were included in the study
if they perceived themselves to be healthy, and reported to have no
neurological or musculoskeletal disorders affecting upper limb
function. Exclusion criteria were: unable to follow instructions in
Swedish/English and uncorrected visual acuity that influenced the
test performance. Forty-three healthy controls who satisfy these
criteria were recruited in 2016-17 and included in the study.
Kinematic assessment was carried out only once in individuals from
the control group.

Table 2. Table showing the study designs of the studies included in this thesis

Study Design Data collection
Cross-sectional design, both

Study I Discriminant validity individuals with stroke and healthy
controls

Study II Concurrent validity Cross-sectional design, individuals

with stroke

Longitudinal design, individuals with

Study III Recovery after stroke stroke, 6 timepoints

Relationship between
Study IV self-reported and Cross sectional design at 6 timepoints
objective measures

Equipment

The equipment used for the study includes a semi-immersive VR
workbench, 3D shuttered glasses and a haptic device. The VR
workbench has 3D display of virtual space on a mirror when looked
through stereoscopic shuttered glasses. The infrared transmitter on
the workbench sends signals to the shuttered glasses and
synchronizes the image sequence on display, giving the participant
an illusion of seeing 3D objects. A photograph of the entire
equipment with a participant performing the pointing task is shown
in Study I (Figure 2) and the haptic device is shown in Figure 5.
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Eligible at the stroke unit within 72 h and screened
for inclusion in the SALGOT, n=763

No upper extremity impairment, day 1-2, n=335
Living outside geographic catchment area, n=56
Prior upper extremity impairment, n=58

Severe multi-impairment, n=90

Discharged in <72 h, n=10

Non-Swedish speaking, n=8

Missed for screening, n=43

Did not want to participate, n=36

Missed for inclusion, n=5

Eligible from the SALGOT cohort for inclusion in the
current study at day 3, n=122

Insufficient motor function to perform VR task within 12 months after stroke = 42
Died before attaining sufficient motor function to perform the VR task within 12 months after stroke = 11

FMA-UE score is 66 at FMA-UE score is 66 at the time of Could not complete the
the time of performing Ly| performing the VR task =2 | task without physical
the VR task = 2 Could not complete the task without support = 2
physical support = 2 Changed the grip
Changed the grip during the task = 1 during the task = 1
Y
Included in Study | = 67 | | Included in Study Il = 64 | Included in Study lll and IV = 66

Figure 4: Flowchart of the inclusion process of the studies included in this
thesis.

The PHANTOM® Omni™ haptic stylus captures kinematic data
(111). It has six degrees of freedom, and its maximum exertable
force is 3.3 N. The haptic stylus can be moved freely in the virtual
workspace (160 x 120 x 120 mm), and it gives touch sensation and
force feedback when it comes close to a virtual object, in addition to
visual feedback (colour change and disappearance). Thus, the
participant gets an illusion of touching and manipulating virtual
objects with the stylus. The PHANTOM® Omni™ haptic stylus has
previously been used for assessing the arm movements in
neurological diseases and for simulating medical procedures (112,
113). An illustration showing the equipment is shown in Study II
(Figure 2).
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Figure 5. Phantom Omni haptic device was used in the studies included in this
thesis

The target-to-target pointing task used in this study was performed
using Curictus™, which is an open source software for serious
games (114). After enabling the Curictus application, the haptic
device was checked for calibration by confirming that there is a
steady blue light in its inkwell. The participant wore 3D glasses and
sat comfortably on a height-adjustable chair, such that they get the
full view of the virtual space on the mirror. The participant was then
asked to reach and point at a green coloured, disc shaped target
using the tip of the haptic stylus. A new target appeared at another
location when the previous one was pointed at and made to
disappear. Each target was 3.8 cm in diameter (~ 3.0° viewing
angle), with a shadow in the viewing plane. A target as is seen in the
3D space is shown in Figure 6.

The participant was instructed to perform the pointing task as fast
and as accurate as possible. The participant first points at the ‘Start’
banner in the 3D space, after which the first target appears on the
screen. No time limit was enforced, and the participant was allowed
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several attempts to point at the target until they become successful
in making it disappear. The targets were arranged in such a way that
they appear to be random for the participant, but they actually
appeared in a predefined order on 9 different locations at four
different depths on the screen (Figure 7). The shortest distance
between two targets was 76 mm and the longest distance was 180
mm. The location of the targets in 3D space as seen from front is
shown in Figure 7.

Figure 6. The target-to-target pointing task in 3D space. The participant points at
the target using the haptic stylus to make it disappear.

Individuals with stroke first performed the task with their less
affected arm, and then with the more affected arm. The participants
were asked to hold the stylus using pen grip, but whenever pen grip
was not possible due to impairment, they were allowed to use
cylinder grip during the task. However, apart from three cases, all
participants used the pen grip. Healthy controls performed the task
in random order of arms. The task, which consisted of 32 targets,
ended when the last of all targets disappeared. The participants
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generally performed one trial before the assessment in order to
acquaint themselves with the VR setup.

Figure 7: The locations of the targets in 3D space as observed from front along
with the straight-line distances between the targets.

Kinematic measures

The time and position co-ordinates of the tip of the haptic stylus
were captured using Curictus™ software. MATLAB software was
used for extracting kinematic variables from the data captured by
Curictus. The data was sampled at 50 Hz and filtered with a 6-Hz
low pass second order Butterworth filter in both forward and
backward directions. Five kinematic variables were calculated:
movement time, mean velocity, peak velocity, time to peak velocity
and number of velocity peaks. The algorithm used for calculation

and filtering of kinematic variables has been made available on
GitHub (115).

For the pointing task, the delay between hitting a target and the
disappearance of the target was 0.2 second. The delay between
disappearance of one target and appearance of a new target was 0.1
second. All kinematic variables were reported inclusive of these
delays.
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The entity between two adjacent targets was called movement
segment. For the 32 targets included in this study, there were 31
movement segments. The first segment between the ‘Start’ banner
and the first target was excluded for analysis. All kinematic
variables were calculated as means of all 31 movement segments
for the entire task. Table 3 shows the list of kinematic variables
included in this thesis, with descriptions.

Table 3. Kinematic variables included in this thesis with descriptions

Kinematic Description

variable

Movement time | Mean of the times taken to complete each movement
segment

Mean velocity Mean of the velocities of each movement segment

Peak velocity Mean of the maximum absolute velocity of each movement
segment

Time to peak Mean of the time taken to reach the peak velocity for each

velocity segment, expressed in percentage of movement time

Number of Mean of the number of velocity peaks of each movement

velocity peaks segment. Velocity peak was defined as the difference
between a local minimum and the next maximum in the
velocity profile, whenever the difference between them
exceeded a cut-off of 20 mm/s. In addition, the time
between two subsequent peaks had to be at least 150 ms.

Other kinematic variables that were considered for the kinematic
analysis included hand-path ratio and acceleration. Hand-path
ratio, defined as the ratio between the length of the actual
movement trajectory and a straight line representing the shortest
distance to the target, is often used to quantify the movement
performance in stroke (60, 79). The trajectory of arm movement
during natural functional activities are commonly curved rather
than following a straight line. Similarly, acceleration, the third
derivative of distance, has higher noise, which makes the
interpretation of this metric less certain. Our aim was to include
only the most effective and potential measurements, so the number
of kinematic variables in this thesis was limited to five (60, 116).

In Studies I and 11, all five kinematic variables were considered for
analysis. In studies IIl and IV, all variables except time to peak
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velocity was included in the analysis. Time to peak velocity showed
neither discriminant validity with healthy controls nor concurrent
validity with clinical scales. Therefore, it was removed from
analyses in the later studies in order to limit the number of
statistical analyses performed and to present only the relevant
results.

Clinical measures

The demographic data including age, sex, side of stroke paresis,
dominant hand, type of stroke etc. of all participants were recorded.
In the SALGOT study, a battery of clinical assessments was
performed. However, in this section, only the assessments used in
this thesis are described further.

Fugl-Meyer Assessment of Upper Extremity (FMA-UE) was
performed to determine the sensorimotor function of upper limb
(117, 118). FMA-UE is an ordinal scale that is widely used to
evaluate post-stroke upper limb function (54, 117). It has 3 points
for each item. The motor domains of FMA-UE have been divided into
upper extremity, wrist, hand and co-ordination. Full arm function is
indicated by a maximum score of 66 in the FMA-UE scale. The three
non-motor domains of FMA-UE are sensation, passive joint motion
and joint pain. FMA-UE scale has excellent reliability (119-122) and
high degree of concurrent validity of its motor domain with Action
Research Arm Test (ARAT) (123). For Study I, participants were
divided into two groups based on their FMA-UE score as moderate
stroke impairment (FMA-UE score: 32-57 points) and mild stroke
impairment (FMA-UE score: 58-65 points) (124-126).

Action Research Arm Test (ARAT) was performed for assessing the
activity capacity of the upper limb (127). ARAT is an ordinal scale
that consists of 19 items, which are divided into four hierarchical
subsets (grasp, grip, pinch, gross movement). Higher scores show
that the individual has higher manual activity capacity. The
maximum possible score is 57 points. ARAT has excellent reliability
(127-129) and its concurrent validity against FMA-UE scale (123),
arm subscore of Motoricity Index and upper extremity part of
Modified Motor Assessment Chart have been established (129).
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ABILHAND questionnaire was used to measure the self-reported
manual ability (130). ABILHAND evaluates the individual’s
perceived difficulty in performing daily bimanual tasks. It contains
23 items, where each item is classified as impossible (0 point),
difficult (1 point) or easy (2 points). A question mark symbol is
recorded when an activity presented in an item was not attempted.
ABILHAND uses Rash analysis methodology to convert raw ordinal
data into a continuous, unidimensional scale with scores presented
as logits (131). Higher ABILHAND logits imply better self-reported
manual ability. ABILHAND logits were calculated by entering the
raw test scores into a Rasch analysis online module hosted at
www.rehab-scales.org, which gave an evaluation report containing
ABILHAND logit score, standard error and missing responses for
each individual.

National Institute of Health Stroke Scale (NIHSS), Modified
Ashworth Scale (MAS) scoring and Barrow Neurological Institute
(BNI) pre-screening were included in the background data. NIHSS
scoring was performed to determine the stroke severity at the time
of hospital admission (132). Modified Ashworth Scale (MAS) was
performed to assess muscle spasticity of the muscle groups of elbow
flexors and extensors as well as wrist flexors and extensors (133).
BNI was performed to pre-screen the level of alertness, basal
communication and co-operation (134).

Data analyses

Statistical methods

The statistical data analyses were done using MATLAB R2018b and
IBM SPSS (Statistical Package for Social Sciences) version 24. A
significance level of 0.05 was used in all statistical analyses and
Bonferroni correction method was applied whenever multiple
comparisons were performed. Descriptive statistical methods were
used for describing groups of subjects in terms of demographic
characteristics, clinical features and kinematic movement
performance measures. Analytical statistical methods were used for
determining the difference and relationship between groups,
change over time and agreement (Table 4).
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Table 4. Statistical methods used in this thesis

Studies
I II 111 A%

Analytical statistical methods

Analyses of difference between groups

Wilcoxon'’s signed rank test x x

Kruskal-Wallis one-way analysis of variance X

Mann-Whitney U test x x

Effect size (Point biserial correlation) X x

Analyses of relationships

Spearman rank-order correlation x x

Univariate and multiple linear regression x

Analyses of change over time

Linear mixed model x

Effect size (Point biserial correlation) x

Analyses of agreement

Sensitivity/specificity x

Discriminant validity (study I)

In Study I, non-parametric statistics were used as a majority of
variables were non-normally distributed. Mann-Whitney U test was
first used to determine if there were significant differences between
the arm function in individuals with stroke and healthy controls.
Kruskal-Wallis one-way analysis of variance was then used to
determine the differences between individuals with mild stroke
impairment, moderate stroke impairment and healthy controls. If
Kruskal-Wallis test showed significant difference between groups,
Mann-Whitney U test with Bonferroni correction was used for post-
hoc testing. Point biserial correlation () was used to calculate
effect sizes, where 0.1, 0.3 and 0.5 indicate small, medium and large
effect sizes respectively (135). Sensitivity and specificity were
calculated for those variables that showed significant differences
between individuals with stroke and healthy controls. One standard
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deviation (SD) of the corresponding kinematic variable for healthy
controls was determined as the cut-off for calculating sensitivity
and specificity.

Concurrent validity (Study II)

Multiple regression with forward addition was used to determine
the amount of variance in FMA-UE and ARAT clinical scales that can
be explained by five kinematic variables. Along with the five
kinematic variables, age, side of paretic arm, time since stroke and
severity of stroke impairment at onset (NIHSS score) were included
as independent variables. Pearson’s correlation coefficient was
calculated between pairs of all independent variables, and those
with correlation coefficients greater than 0.7 were not included in
the same model (136).

Univariate regression was first done, where variables with p-value
less than 0.2 were added to multiple regression model building, one
at a time, starting with the variable that has the lowest p-value.
However, in the final models, only those variables with p<0.05 were
retained. When the final model was generated, each of the
confounding variables were added and they were retained if they
increased the R? value by at least 5% (p<0.05). The assumptions for
multiple regression were verified for all final regression models.

Analysis of change over time (Study Il

In Study IlII, natural log transformation (In) was performed on all
dependent variables so that they were approximately normally
distributed. The significance levels for statistical analyses were set
to p<0.05. In order to assess the longitudinal changes over time,
linear mixed model analysis was performed. An initial model with
fixed effect of time, random effect of time and intercepts was
created. Fixed effects of cofactors, namely, stroke severity, age, type
of stroke, side of stroke paresis, sex and presence of diabetes were
added one at a time into the model. The interaction effect of
significant cofactors with time was tested. In order to determine the
significance of the new model with the added variable against the
base model, log likelihood ratio test was used. The residual plots of

30



NETHA HUSSAIN

final models were checked for linearity, constant variance and
normal distribution.

Whenever fixed effect of time was found, Wilcoxon’s signed rank
test was used to find the time points between which significant
differences exist. To interpret the strength of the difference
between groups, effect size estimate was used, and Cohen’s
guidelines were used for interpreting the effect sizes (135). In order
to determine if significant differences exist between individuals
with stroke at all timepoints and healthy controls, Mann-Whitney U
test was performed. Bonferroni correction was applied to the p-
values for both Wilcoxon’s signed rank test and Mann Whitney U
test and the level of significance was set to 0.008.

Analysis of relationships (Study V)

In Study IV, Spearman’s correlation coefficient was used to measure
the correlation between ABILHAND logits and four kinematic
variables. The strength of correlation coefficients was interpreted
as 0.00-0.25 (very low), 0.26-0.49 (low), 0.50-0.69 (moderate),
0.70-0.89 (high) and 0.90-1.00 (very high) (136). As 24 pairs of
variables were compared, Bonferroni correction was applied, and
the p-value required for significance was adjusted to <0.002.

Ethical considerations

All four studies included in this thesis were approved by the
Regional Ethical Review Board in Gothenburg, Sweden. The
approval protocol numbers for studies I and Il were, 549-03 for
recruitment of healthy controls and 225-08 for individuals with
stroke. For studies Il and IV, the protocol number was 225-08. All
participants gave informed written consent prior to their
participation in the studies. Participants were given full information
about the assessment procedure and they were allowed to
discontinue their participation without having to provide an
explanation. They were allowed to take rest between assessments.
If any issues arose during the assessments, the participants could
discuss them freely with the test leader. The participants were also
provided information regarding data handling and confidentiality.
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No specific risks were identified prior to, during or after the
assessment. The SALGOT clinical trial was registered
at https://ClinicalTrials.gov (Identifier: NCT01115348).
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Results

The stroke group consisted of 67 individuals extracted from the
SALGOT cohort. The background data of stroke group are shown in
Table 5. The kinematic data of the non-dominant arm of the healthy
group (n=43) served as a reference to compare with the stroke
group. The choice of using the kinematic variables from the non-
dominant arm instead of the dominant arm was to put those with
paresis in the non-dominant arm in the stroke group at less of a
comparative disadvantage (23). The mean age of the healthy group
was 64.9 (SD: 14.0) years and females constituted 46.5% of the
healthy group.

Table 5. Demographic characteristics of the stroke group

Demographic data, clinical characteristics and

assess%nell)lts at admission (n=67) Mear_x *SD, n (%) or
median (Q1-Q3)

Age 65.7 £ 13.6

Female 27 (41%)

Ischemic/haemorrhagic stroke (%) 82/19

Right hand dominant 64 (95%)

Right hemiparesis 29 (44%)

NIHSS total score 6.2+5.1

Diabetic status 7 (10%)

FMA-UE score (max. score = 66) 58 (54-62)

Score <9 in BNI pre-screening 5 (7%)

Decreased sensation (<11 points, FMA) 6 (10%)

Pain during passive movements (<23 points, FMA) 5 (10%)

Spasticity of the elbow or wrist joint (= 1 point MAS) 1 (1%)

Discriminant validity (Study I)

A majority of the kinematic variables were found to be
discriminative between individuals with mild stroke (FMA-UE score
32-57) moderate stroke (FMA-UE score 58-65), as well as healthy
controls. In differentiating between stroke group and healthy
control group, the kinematic variables of movement time, mean
velocity and number of velocity peaks showed high effect size
(>0.5).
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Figure 8. Trajectory of one movement segment in 3D space shown for one
individual with stroke impairment (solid line) and one healthy control (dashed
line). The box shows spider-webbing towards the end of the trajectory.

Movement time, mean velocity and peak velocity showed
differences between individuals with mild and moderate stroke
impairment. Similarly, movement time, mean velocity and number
of velocity peaks showed differences between individuals with mild
stroke impairment and healthy controls. The trajectories of some
individuals with stroke showed clustering (spider-web) pattern
towards the end of the movement segment (Figure 8). A full
numeric description of the results can be found in Study I, Table 2.
The kinematic parameters of the more affected and less affected
arms of individuals with stroke and healthy controls are shown in
Table 6. The sensitivity and specificity of the kinematic variables for
discriminating between individuals with stroke and healthy
controls are tabulated in Table 7. The effect sizes of differences
between individuals with mild and moderate stroke, as well as
healthy controls are shown in Figure 9.

Movement time (p=0.001, rpb = 0.48) and number of velocity peaks
(p<0.001, rpb = 0.53) also showed significant differences between
the less-affected arm of individuals with stroke and the non-
dominant arm of healthy controls (Table 6).
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Table 6: Kinematic parameters of the more affected and less affected arms of
individuals with stroke. Kinematic variables of the less-affected arm showing
significant differences with healthy controls are marked in asterisks.

Kinematic Individuals with stroke Healthy

parameter controls

(mean%SD) More-affected Less-affected Non-dominant
arm arm arm

Movement time (s) 2.80+197 190 + 1.07* 1.31+0.25

Mean velocity 144.8 + 59.74 178.20 £ 62.3 209.2 + 48.86

(mm/s)

Peak velocity 374.8 +134.6 480.10 £ 137.1 440.7 £91.81

(mm/s)

Time to peak 31.34£9.87 34.55 £ 13.35 33.29£10.51

velocity (%)

Number of velocity | 4.76 + 2.65 3.18 £ 1.45* 2.80 £ 0.53

peaks

Table 7: Sensitivity and specificity of the kinematic variables of the pointing task in

Study |
Kinematic variable Cut-off value | Sensitivity (%) Specificity (%)
Movement time (s) 1.56 82.1 86.1
Mean velocity (mm/s) | 160.34 70.2 83.7
Peak velocity (mm/s) | 348.89 46.3 93.0
Number of velocity 3.33 64.2 83.7
peaks

Concurrent validity (Study II)

There were significant correlations with FMA-UE and movement
time (0.40), mean velocity (0.37), number of velocity peaks (- 0.35)
and peak velocity (0.28). ARAT showed significant correlation with
movement time (- 0.40), number of velocity peaks (0.36) and mean
velocity (0.28). Multiple regression of kinematic variables showed
that mean velocity and number of velocity peaks explained 11 and
9 percent of the FMA-UE score uniquely and 16% of the score when
taken together. Movement time explained 13% and number of
velocity peaks explained 10% of ARAT score. The confounding
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variables of age, side of paretic arm, time since stroke and severity
of stroke impairment (NIHSS score) at stroke onset did not
influence the final multiple regression models. The results of
univariate and multivariate regression of kinematic variables
against clinical scales can be found in Tables 2 and 3 of Study II
respectively.
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Figure 9. Figure showing effect size of the difference between various levels of
stroke and healthy controls

Longitudinal change (Study II1)

A significant fixed effect of time was found for kinematic models of
movement time, mean velocity and number of velocity peaks
between day 3 and month 12 after stroke. In these three models,
younger age, less severe stroke and ischemic stroke compared to
hemorrhagic stroke influenced the effect of time positively.
Additional factors that positively influenced the model for mean
velocity were female sex, being non-diabetic and having right-sided
paresis. No random effect of time or interaction between effect of
time and cofactors was found. A table containing the results of the
mixed model analysis can be found on Table 2 of Study III.

Most of the improvement in kinematic arm function occurred
during the acute and subacute stages after stroke, but some
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improvement was found at the late subacute stage after stroke. A
summary of comparison of kinematic variables between adjacent
timepoints can be found in Table 8.

When kinematic variables at all timepoints were compared with
that of healthy controls, movement time and number of velocity
peaks were found to be different from healthy controls at all
timepoints except at 6 months after stroke. Mean velocity was
different from healthy controls at 3 and 10 days after stroke, and
peak velocity at 3 days after stroke.

Relationship with self-reported assessment (Study V)

The correlation between self-reported and objective assessments
was very low or low at the subacute stage of stroke, but became
moderate at the chronic stage. Specifically, the correlation of
ABILHAND logits with movement time and mean velocity was low
to very low until month 6 after stroke, but became moderate to high
at month 12. For peak velocity, the correlation coefficient remained
very low to low throughout the course of one year after stroke.
Number of velocity peaks showed very low to low correlation until
month 3 after stroke and moderate correlation from 6 to 12 months
after stroke. The full numerical description of correlation
coefficients between ABILHAND logits and kinematic variables
from day 3 to month 12 after stroke can be found in Table 2 of Study
IV.

Non-included and missing individuals

The SALGOT cohort consists of an unselected group of individuals
admitted at the stroke unit in Sahlgrenska University Hospital, the
largest in Gothenburg, Sweden. All individuals with stroke in the
Gothenburg urban area are admitted to one of the three stroke units
at Sahlgrenska University Hospital depending on where places are
available.

The largest stroke unit, from which the participants included in this
thesis were enrolled, includes all patients who were potential
candidates for reperfusion. At the time of this study, only about 10%
of all stroke patients admitted to Sahlgrenska received reperfusion
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treatment (most commonly, thrombolysis). Hence, it can be
assumed that the individuals admitted in the largest stroke unit at
Sahlgrenska are representative for the stroke population in large
and that the selection bias was small. Studies III and IV were
longitudinal studies, and the number of participants varied at
different time points. This happened either due to missing data or
due to insufficient motor function for performing the pointing task.
The commonest reasons for missing data were difficulties in
attending the assessment sessions, presence of other medical
problems, being affected by a new stroke and technical problems
related to the equipment. The details regarding missing data are
given in the supplementary file of Study IILI.

Table 8. Effect size and p-value of the comparison between adjacent time points
from day 3 to month 12 after stroke. Bolded digits indicate significant differences.

Effect size Day 3 Day 10 Week 4 Month 3 | Month 6
and p value | and day and and and and

10 (N Week 4 Month3 | month6 | Month 12

=27) (N=38) (N=42) (N=45) (N=42)
Movement 0.67 0.75 0.34 0.51 0.07
time (0.001) (<0.0001) | (0.03) (0.001) (0.66)
Mean velocity | 0.53 0.56 0.43 0.31 0.22

(0.006) (0.001) (0.006) (0.04) (0.16)
No. of 0.41 0.65 0.13 0.45 0.08
velocity (0.03) (<0.0001) | (0.40) (0.003) (0.60)
peaks
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Discussion

Main findings

This thesis provides a detailed description about the kinematic
movement analysis of the target-to-target pointing task in virtual
reality. Movement time, mean velocity, peak velocity and number of
velocity peaks were discriminative for arm function of groups with
moderate to mild stroke impairment, as well as healthy controls.
Movement time and number of velocity peaks were also
discriminative for the more-affected and less affected arm in
individuals with stroke. Mean velocity and number of velocity peaks
explained 11% and 9% of the FMA-UE score respectively, while
movement time and number of velocity peaks explained 13 % and
10 % of ARAT score respectively. Taken together, movement time
and number of velocity peaks explained 16% of FMA-UE score and
10% of ARAT score. Age, side of the paretic arm, time since stroke
and stroke severity did not affect the association of kinematic
variables with FMA-UE and ARAT.

The kinematic variables of movement time, mean velocity and
number of velocity peaks showed improvement over time and were
affected positively by younger age, less severe stroke and ischemic
compared to hemorrhagic stroke during the course of one year after
stroke. The recovery of upper limb after stroke measured using
kinematic variables occurred maximally before 3 months, but
continued between 3 and 6 months after stroke. Except for the
measurement at 6 months, movement time and number of velocity
peaks differed significantly from that of healthy controls at all
timepoints within one year after stroke. The correlation of
kinematic variables with self-reported outcomes varied during the
first year after stroke. The correlations were low or very low early
after stroke, which became moderate to high after 6 months for
movement time and number of velocity peaks, but remained low to
moderate for mean velocity and low for peak velocity.

The kinematic variables of movement time and number of velocity
peaks were found in overall to be the most useful variables for the
assessment of arm impairment using pointing task in virtual reality.
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These measures showed discriminant validity between various
levels of impairment in individuals with stroke and healthy
controls, concurrent validity with FMA-UE and ARAT scales and
longitudinal validity from acute to chronic stage of stroke.

Methodological considerations

Kinematic characteristics of upper limb tasks have been analyzed in
several studies performed in healthy controls. It has been well
established that experimental constraints, such as, task goal, target
size and location affect the movement trajectory (73, 74, 137, 138).
The presence of a target makes the movement smoother, faster,
more forceful and more pre-planned in individuals with stroke
(137). For example, as the size of the target increases, the
deceleration phase of the bell-shaped velocity profile becomes
longer for the pointing task (74). With increasing distance, the
entire velocity profile is elongated, without differentially
influencing the phases of the velocity profile (74). Interestingly,
movement time was longer while pointing to a slippery target (fur)
compared to a rough target (sandpaper) presented on a monitor
(139). Here, the increase in movement time was due to a relatively
longer deceleration phase. Horizontal movements that involve
movement at a single joint are faster than vertical movements
involving more than one joint (74). Whether the task includes
grasping or not also influences the reaching kinematics (15). In
grasping, the deceleration phase of the velocity profile was longer
compared to that of pointing at a target (75).

The peak velocity is higher and movement time is lower for
competitive tasks compared to co-operative tasks as well as for
social tasks compared to solo tasks (140). Similarly, if the task was
first demonstrated by an actor, individuals tend to imitate the
velocity of the actor’'s movements, perhaps due to direct visuo-
motor mapping of the task. The individuals imitated the actor’s
velocity when the task was goal directed, but not when the task was
non-goal directed (141). Similar imitation of velocity was found also
when the task was demonstrated by an avatar in virtual reality
(142). However, the individuals demonstrated no difference in
velocity between movements demonstrated by socially engaged
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avatars (who smiled at the participant) and socially disengaged
avatars (142). Thus, it is probable that virtual reality has limitations
in terms of providing social engagement. In addition, there are
differences in performing the pointing task when viewed using head
mounted display or large screen projection system, indicating that
the viewing medium also interferes with the subsequent arm
movement (143). Thus, it is evident that methodological differences
across studies result in difference in outcomes. As a result, it
becomes difficult to compare the results of kinematic studies.
Standardization of measurements in stroke kinematics is the best
solution for enabling the comparison and meta-analyses of the
growing body of kinematic studies (53, 65).

In order to understand the specific difficulties that the individual
faces during daily life, daily life tasks such as the pointing task used
in this thesis should be subjected to research. The pointing task
used in this thesis analyses a commonly performed, purposeful task
from real life, giving it good ecological validity. Movements in
virtual environment are considered sufficiently similar to the real
world, with the exception that movements were slower for healthy
controls and less accurate for individuals with stroke in VR
compared to real-life (144).

The haptic device used in the present study has also been used in
studies related to Parkinson’s disease (145), Friedreich’s ataxia
(145), multiple sclerosis (113, 145), muscular dystrophy (145) and
traumatic brain injury (146). Tasks involving manipulating an
object using haptic device were able to differentiate between
individuals with multiple sclerosis and healthy controls (113). The
haptic device was used to graphically describe the course of arm
movement within a maze in individuals with Friedreich’s ataxia and
other neurodegenerative diseases (145). People with chronic
traumatic brain injury reported being engaged while performing
haptic-enabled virtual reality tasks (146).

Data collection and handling

In the equipment used for capturing kinematic data in this thesis, a
simple pointing task was used, during which end-point kinematics
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were measured. Due to task and equipment constraints, some
aspects of movement performance, such as joint angles and trunk
displacement could not be ascertained using the equipment used in
this thesis. On the other hand, this equipment allows for capturing
movements from six degrees of freedom, which is an advantage
compared to certain robotic exoskeletons that provide movements
only in specific planes and within limited range of motion.

For use in clinical settings, the equipment should be easy to set up
and handle, have an intuitive interface, provide quick assessment,
show easily interpretable results and have low maintenance costs.
It is an added advantage if the apparatus is useful for other
purposes, such as for providing rehabilitation. The equipment used
in this thesis can be set up and handled in a similar way as any plug-
and-play device. The interface of the software is intuitive and
simple, and doesn’t require any specific computer skills. In clinical
applications of the VR-device, the participant can get feedback
regarding their movement time and velocity metrics as soon as the
task is completed. Detailed kinematic data could be made available
for the researcher for offline analysis. The equipment used in this
thesis was available in some wards for stroke rehabilitation
(Sahlgrenska University Hospital in Sweden and Sunnds Hospital in
Norway) at the time of this study.

Given that technology has progressed very much over the years, it
is imperative to consider the use of upgraded hardware and
software systems instead of the equipment used in this thesis. The
stationary haptic device could be replaced with a bluetooth-enabled
free stylus, the targets could be visualized with more resolution
using high-end software and the display system could be mounted
within a head-mounted display, instead of mirroring it from the
monitor display. The pointing task could be made available at
various levels of difficulty, including targets of different sizes,
distractor targets that fetch negative points and wider working
space. The same task could be modified to also assess hemi-neglect,
a common problem encountered in individuals after stroke (107).
However, the general characteristics of the pointing task and the
kinematic variables identified in this thesis are valid regardless of
the recentness of the equipment. With virtual reality technology
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progressing at a fast pace, features that seem difficult to
incorporate, or even unfeasible today might become everyday
reality in future.

The software for the VR-pointing task used in this thesis was
developed by a research-based company in collaboration with the
University of Gothenburg. When the company closed down, the
continued updating and maintenance of the software were stalled,
and the software could not be run on computers with newer
versions of operating systems. This is, unfortunately, a widespread
problem in rehabilitation. A continuous software support and
updates of the device hardware are needed for prolonged use of the
equipment both in research and in clinical praxes.

For analyzing the kinematic data used in this thesis, the author
developed her own algorithm using MATLAB. Presently, most of the
software used for kinematic analysis lack user-friendly interface. As
a result, researchers need to develop their own custom-made
algorithms for data analyses. The tools for gathering kinematic data
have different specifications and data structures, which also makes
it difficult to create a software that analyses all types of kinematic
data. For kinematic analysis to become more widespread in clinical
settings, it is important to have software with simple interface
where clinicians can perform the assessment procedure using a
wide variety of data structures and interpret the results with ease.

Validation of kinematic variables

A large part of this thesis deals with validating end-point kinematic
analysis for assessment of upper limb function after stroke.
Kinematic analysis can offer a platter of unlimited number of
variables, but not all of them are meaningful for assessment of arm
function. For this thesis, kinematic variables that demonstrate face
validity were first chosen. This choice was influenced by graphical
representation of kinematic data, which was also compared with
the kinematic data from other studies related to upper limb
kinematics in stroke.
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Choosing the most appropriate kinematic variables requires a good
understanding of the mechanism of motor control, nature of the
task, nature of arm impairment of the participants and knowledge
of available computational methods. An ideal kinematic variable
should be easy to calculate, easily interpretable, comparable to the
variables from other studies and possibly start its measurement
from absolute zero. The kinematic variables used in this study are
easy to interpret, and common terms such as duration, speed,
smoothness could be used to describe some of them. These
variables don’t require very complex programming and the
methods used were comparable to similar studies, although the
chosen cut-offs were specific for the equipment and the task. The
pointing task requires the ability to hold and move a haptic stylus in
the arm’s workspace, which makes the test suitable only for those
with mild to moderate arm impairment and therefore, those with
severe arm impairment could not be analyzed using this task.

Discriminant validity (Study I)

Several studies in stroke rehabilitation have investigated the
discriminant validity of kinematic variables between individuals
with stroke and healthy controls (116, 147-149) as well as between
the less affected and more affected limbs of individuals with stroke
(90). These studies used diverse tasks, such as moving a centrally
located target to peripheral targets (90), performing planar
pointing movements with or without exoskeleton (147-149) and
drinking water from a glass (116). Regardless of the diversity in
tasks used, most results from these studies were similar to each
other and to Study I. In general, movement time was longer (90,
147), mean and peak velocities were lower (90, 116, 148) and
number of velocity peaks was fewer (90, 116, 148, 149) in
individuals with stroke compared to that of healthy controls. In
Study I, time to peak velocity did not show differences between
individuals with stroke and healthy controls, in contrast to a
previous study using self-paced reaching task (116). Thus, it is
possible that the speed of the task or other task characteristics
affect the discriminant validity of kinematic variables, at least in
some cases.
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Relatively few studies have reported the differences in kinematic
performance between individuals with mild and moderate stroke
impairment of the upper limb (116, 150). In Study I, movement
time and mean velocity were discriminatory for both mild and
moderate stroke impairment as well as healthy controls. Peak
velocity could discriminate between mild and moderate stroke
impairment, but not between mild stroke and healthy controls.
Contrary to this, smoothness could discriminate between mild
stroke impairment and healthy controls, but not between mild and
moderate stroke impairment. Hence, it is possible that peak velocity
is an appropriate variable when motor function is poor, and
smoothness is useful when higher levels of function is reached. In a
related study, when the participants of the same cohort performed
“reaching and drinking” task, movement time, peak velocity, time to
peak velocity, smoothness and other three kinematic variables
discriminated between mild and moderate stroke impairment and
healthy controls (116). Thus, it is possible that the reaching-and-
drinking task is more sensitive than the pointing task in terms of
discriminating between various levels of functional impairment
after stroke and healthy controls. More studies are needed for
establishing which kinematic variables and tasks are robust for
discriminating between various functional levels after stroke.

The data from this thesis showed that there were significant
differences between the less affected arm of individuals with stroke
and healthy controls in terms of movement time and smoothness. A
similar study involving the drinking task showed that the
movements of the less-affected arm in individuals with stroke are
slower and less smooth compared to healthy controls early after
stroke (23). Another study examining reach-to-grasp movements
has also concluded that the smoothness of movement of the less-
affected arm is lower than that of healthy controls (91). All these
point to the fact that kinematic analysis may also be suitable for
assessing the arm function of the less-affected arm in individuals
with stroke.

45



NETHA HUSSAIN

Concurrent validity (Study II)

Study II shows that kinematic variables could only explain a part of
the variance in clinical scores of upper limb function and activity
capacity. Slightly higher variance of FMA-UE than ARAT is explained
by kinematic variables, showing that kinematic variables of the
pointing task are probably more strongly correlated with
‘Impairment’ than ‘Activities’ of the ICF model. Further research is
needed to confirm this hypothesis.

Motion capture studies that examine the concurrent validity of
kinematic variables report that 13 to 57 percent of variance of
clinical scales can be explained using kinematic variables (151-
153). On the other hand, robotic studies that examine the
correlation between kinematic variables and scores from clinical
scales show that the correlation coefficients for mean velocity and
number of velocity peaks varied between 0.01-0.7 and 0.02-0.5
respectively (154). The large variability in terms of association
between kinematic variables and clinical scales scores in these
studies is probably due to the difference in the type of task used,
pace of arm movement, type of clinical scale used as the outcome
measure and task constraints.

The low variance explained by Study II could be because of several
reasons. The traditional clinical scales do not have as much
sensitivity for detecting smaller differences in movement quality as
kinematic variables (63, 155). This difference in sensitivity might
have contributed to the low explained variance between them. The
kinematic variables from quick pointing task might not show as
much explained variance with movements and reach-to-grasp tasks
performed within FMA-UE and ARAT since the speed at which the
taskis performed during these clinical assessments is not given high
importance. The relatively small workspace of the pointing task
compared to the range of movement required for performing FMA-
UE and ARAT would also be a reason for the low variance.

Change over time (Study Il1)

The factors found to influence the recovery of kinematic variables
positively, such as lower stroke severity, lower age and ischemic
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type of stroke compared to hemorrhagic type were also known to
affect clinical recovery (44, 46, 49). Mean velocity was additionally
higher for female sex, those with right sided stroke paresis and non-
diabetic individuals. The right hand being the dominant one (156)
and impairments due to diabetes might be the reasons for this
phenomenon. Except for peak velocity, all kinematic variables
showed a non-linear recovery pattern, similar to that of the
recovery pattern of clinical scale scores (20).

In study III, improvement in movement time and smoothness were
found beyond 3 months after stroke, while most clinical studies
have shown recovery only up to 3 months (20, 44). It is likely that
kinematic variables are more sensitive towards detecting recovery
during the subacute stage of stroke. Study III showed that
movement time and smoothness reach at par with healthy controls
at the 6t month, but decline again by the 12th month after stroke.
The reason for this decline is probably because rehabilitation
provided by the healthcare system might have ended after 6
months’ post stroke. Individuals with stroke are likely to fall back to
lower level of arm function if continuous training is not available.

Relationship between self-reported and objective
assessments (Study 1V)

The relationships between self-reported manual ability and
objective kinematic measures were the weakest early after stroke.
The reason for this phenomenon could be that individuals in the
acute stage of stroke might not have had enough time to fully
perceive how their arm impairment due to stroke could affect their
ability to perform daily bimanual tasks. At later time points, the
correlations, in general, were stronger compared to earlier time
points. This could indicate that the self-perceived manual ability
gets closer to objectively assessed manual ability with time. It was
movement time and number of velocity peaks that showed the most
increase with time. Thus, it is likely that slowness (longer
movement time) and clumsiness (less smooth movements) are
more easily perceived by individuals in daily life than other aspects
of kinematic performance.
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A past study showed that the correlation between kinematic
variables from the drinking task and ABILHAND logits is low at the
subacute stage of stroke (151). In the chronic stage of stroke, the
correlation between self-perceived amount of arm use and FMA-UE
score was found to be moderate to high, and individuals needed
high functional ability to be able to utilize their affected arm in daily
activities (26, 27). Among persons with full or nearly full arm
function scores, the proportion of those who self-report residual
disability is as high as 20-40% (28, 29). All these findings are in line
with the findings from Study IV.

While setting individual goals for stroke rehabilitation, one of the
main barriers is the gap between clinicians’ and patients’
perspective (157). While clinicians act based on the objective
assessments, patients are likely to act based on their perceived
function. From Study IV and similar studies, it is clear that there
exists a discrepancy between self-reported manual ability and
objectively assessed arm function, particularly during the early
stages of stroke. Therefore, it is more effective to use a combination
of self-reported and objective assessments in order to have a better
understanding of the individual’s perspective after stroke.

Strengths and limitations

The main strength of the studies included in the current thesis is the
relatively large and unselected study sample where participants
were assessed from as early as day 3 until month 12 after stroke.
Such a large unselected group covering all stages of stroke has
seldom been reported in previous robotic kinematic studies that
examine discriminant, concurrent and longitudinal validity in
people with stroke. Many robotic systems are often restricted to
kinematics captured in 2D space, while the haptic device used in this
study, similar to camera-based or sensor-based systems, allow for
free movements. The participants reported that the pointing task
was entertaining and motivating, which shows that it was well-
accepted (68). The equipment used for this study is less expensive
compared to other assessment methods such as optoelectronic
cameras and exoskeletons, making it a good candidate for use in
community settings and home rehabilitation.
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The studies mentioned in this thesis are not without limitations. The
pointing task used in this study can be performed only if the
participant has a certain level of arm function. Therefore, the results
from this study can be generalized only to individuals with
moderate to mild stroke impairment. The haptic device allows for
capturing only the end-point kinematic data, so it is not possible to
capture the movements at joint levels and trunk. Hence, it is not
possible to determine whether the movement was accomplished
with normal or altered joint configurations, using this method.

Clinical implications

The choice of the assessment method plays an important role in
how rehabilitation interventions are evaluated. It is important to
choose the right assessment method for the context to be able to
produce results that are useful and appropriate for the given
research question. In clinical settings, specific upper limb
assessment is not always prioritized and technology-based
measures are rarely used. The reason for this is can be the limitation
in time and resources, but also the knowledge and access to the
technology. VR-based tasks are intuitive, motivating and quickly
performed. It is sensitive to small changes, not influenced by
observer bias and does not have restricted scoring system as in
clinical scales. The result of the assessment can be displayed on the
screen in a matter of seconds. Haptic devices with properties similar
to the device used in this thesis are already in use in clinics for arm
rehabilitation, but to a lesser extent in assessment. In the interest of
reducing the workload of clinical staff, it is imperative that
technological solutions such as VR be used for training and
assessment of arm function.

Recent advancements in technology have made it possible that VR-
based pointing task can be designed using more sophisticated
equipment and software than the methods used in this thesis. As VR
technology matures with further research, VR-based tasks might
become ubiquitous in clinics, where it finds application in delivering
fast and accurate measurement of upper limb function after stroke.
However, bringing VR-based assessment to a commercial level
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would need research in a larger scale, including health economics
evaluation and viability studies.

It is interesting to note that the key kinematic variables emerged
from this thesis reflect similar constructs as commonly perceived
by persons with stroke. Individuals with stroke often describe that
it takes longer time to perform daily tasks and that they feel that
their arm or hand movements are less precise. Not surprisingly,
movement time, velocity and smoothness were the kinematic
variables that seem to be best suited to describe upper limb
functioning in individuals with stroke.
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Conclusions

1. Kinematic analysis is a valuable tool for assessing upper limb
function after stroke. It is capable to provide information that
traditional clinical scales cannot capture.

2. Movement time, mean velocity and smoothness were the
kinematic variables that seem to be best suited to describe the
upper limb functioning during the pointing task in individuals
with stroke.

3. Kinematic variables of movement time, mean velocity and
smoothness can explain only a part of variance captured by
traditional clinical scales such as FMA-UE and ARAT. Thus,
multi-level assessment is needed after stroke in order to
understand the arm function from both clinical and kinematic
perspective.

4. During the first year post-stroke, recovery of kinematic upper
limb function is most evident in the acute and subacute stages
of stroke, similar to that of clinical recovery. Therefore,
rehabilitation interventions should focus on these stages for
achieving maximum recovery of kinematic arm function. On
the other hand, kinematic recovery was found to occur beyond
three months after stroke, which means that continued
rehabilitation is needed beyond 3 months to promote recovery
and avoid decline in arm function.

5. Similar to clinical recovery, factors such as age, stroke severity
at onset and type of stroke influence recovery of kinematic
arm function after stroke. Thus, longer recovery times should
be allowed for those with older age, more severe stroke and
hemorrhagic stroke.

6. As the relationship between self-reported manual ability and
objective arm function varies with time after stroke, a
combination of self-reported and objective assessments
should be performed in order to set achievable, patient-centric
goals for arm recovery after stroke. This is more important
early after stroke where there is a wide gap between self-
perceived and objective assessments.
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Future considerations

As technology advances with time, new assessment methods get
introduced, and old ones get improvised. In future, VR-based tasks
are likely to be ubiquitous and inexpensive. The knowledge gained
from kinematic assessment becomes valuable in developing new
devices for assessment and rehabilitation of arm function after
stroke. It is hard to predict what future has in store for us, but given
the technological advancements of today, it is likely that VR-based
assessments have a bright future.

During the process of creating the studies included in this thesis, the
following future considerations have emerged:

1. Consensus is required for choosing kinetic and kinematic
measures that distinguish between different functional levels
after stroke and healthy controls, that demonstrate concurrent
validity with traditional clinical scales and show
responsiveness to change.

2. As initial results from validating the pointing task looks
promising, more research regarding its responsiveness,
reliability and interpretability as well as underlying
mechanisms of motor control should be investigated.

3. Relatively few studies examine kinetics, the effect of forces, on
arm movement. Individuals with stroke are likely to have
reduced arm strength and the measuring device is likely to
exert some force on the arm, in which case it becomes
important to assess the effect of forces involved in the arm
movement. Measurement of kinetic variables in addition to
kinematic variables would be useful to get a more complete
picture of the individual’s arm function.

4. Guidelines should be established for using VR-based
rehabilitation along with conventional therapy so that an
optimized training strategy can be achieved. Patient selection,
duration and frequency of VR-based training and nature of the
task used should be closely considered before establishing
guidelines for using VR-based tasks for rehabilitation.
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5. Development of a simpler data handling system for kinematic
analysis is warranted. This would facilitate easier data
collection, analysis and interpretation.

6. There is a need for longitudinal studies using kinematic
analysis in order to understand the recovery of kinematic
performance after stroke. This would enable us to understand
the recovery patterns in a detailed and specific way.

7. VR-based rehabilitation opens up possibilities for tele-
rehabilitation. Further research should explore the use of
remote assessment and rehabilitation using VR-based
telerehabilitation. Similarly, robotics-supported home therapy
is a new avenue that should be explored.
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Summary in Malayalam

©@EIGoPOIGRIHNES  AHMlo@AEMOTIM  @SMYo  GMAIGEMDW QUGN
@ROITUAOW@IEM  GIYIHE @RLOAN  AMPlagdan@o o) Qllglenamo.
GENEGOINY MUoAAISMQES MIBQ.aIMa]ED 00 ABHM.2lo(DEMALIIMNWS @D
oorAllesmM@o, 24 aemlgadlaidlee  MleBTBEaHcwI MM GBI @D
HENWIEHHEW) H2IYMO MW AARlYOTBIOL! EH@BlHOERI, AUPaldhGRd
@OV (@JAUAODMHHUWHTHWIEN GIRILE af)an AllSleamMa. crYIHs gelo
OO HIL| S| @D NILIHWo, MyRUMEUAlBB0OT, 2)0meEB0Qd,
MoMIOCUHBB0QL agamileazem allaflly CEINAISHUIMEBRUW DENEINIEHWQo,
O@aneIMT]  HOBMEIM (U HEI®  aBde]SID  njriIgS
@RMERAUOSHQo  H2IGQPHI0.  GRNHODMNGe 2.5 GHISI L’MEBSIEM
COYIHEID  CRUYSs  (oprenoeERsm]  Hollesmo.  DHE@QWleo
QD H80S  0eBMEIMZEaloacm  MNUWIEBT  CEIVAIET  GITYS
Af)MDOB:INE DD BRAUMNDI@ Tflde  ERAIOO  TYEIOISEODENBGMo,
@RAIOO qUIWIVEM Zlalloo MO0 (@ DICHOENBT DRSS
NEIMEMEBWB  MSTOMEIM  1OIAPAVPado  &SOT®  aldlemnm
M@ICHNMBD6NE.

BTYISM  GUDAH  HODBHWHE  NILIGHUD  AUTTISBBAUMOS  HODHHSOS
JUBEOMAEl  GRS8HIMSS B@ MOM  CVICB:OIBHANBYIEM oD
uam@@smcrwasroﬂm% al@la@OSEOM®. @ -l  miladlae.glejo 2Qo
alcdufleamm afldau@d deld ahan  qEH@IHlE) 9alcIUla
Mldadls] 8@ eagondw oe>au=§§<3 oDl @RYEM DD aJIPBHOBIGD
al0l2 e |SOOM®. @MW HHEpPSHSo SMUFQo 9aleiUila] @l2IM2IW
o.w&ee)(rb &I (DO DMBIBEOOWSHNMD  HIQIN  AVICH::)
allaiwedem alld.anc dlaefldl agar’ aflglesmme. s SISO 6NOIR @3,
@Il #ems Wdls] QUAD GalM GaldEISS 6@ Dald06Mo DaldwIUlla],
@M USROS HOIS @REIOYGHUMSRAD. af)@WQo HIOFAD af)Q)d
CUMIBEBROSQo ODIS BR(EJOIBHUNIBRE: af)MN@IEM HNDIAIMBEH0 LldH 0.
oIS Dlad ABD H68 HBIEE NSTOAD nfE ILIMERSo &bMIYSEIE
GO |SOO. DD 2l1AIMERW @RSERIM ALY lWadlal, aleIMaI6ERW
(kinematic  variables) agam VEMO®  Idl@IeMEERU HEM SR SAD.
212IM2106BW OaIGWIUl o] GIYILE DSBAUMOS HOHH:SOS 21AIMOOMSRO| o]
aflvoE@ID] AISlEOIO)M@IE. DD (JENITWo @QIOIHOIMIW] 67 YIS D88
QBN 568 WQo, 43 @RHCOIN|ASH QBT BHOSQDIEM A lOMOHIM0
QllewOIBHN Q.

DD (@NITWODT @ MILS AlOMEBRBIEM OUWBEHNIBE] o ]lGlBsMT. BMINEDTD
alOMEI@3, BGTYIBE 6NIDUS.a) QBT B8ESQo, BREOINABE QUYBTSBSHS Qo
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POBHHEOS  2lLIMEREIT 988  QOPIVEBWD @R aloMOIM
QlewOMSHV@. HOHH:SBOS 2ILIMIVAo, 2ILIMBEAIN., FARLMIGAUWO,
21IMOTSMSS @RYWIMVo af)a] 2ILIM.2IOEBW GIYIHE 1UIUSl.of QlyeTldglajo
@RGOINIYSBAUCIEJe aBO@LEP0 OOTI@ AUGITUNOASIAlERM ag)(n’ 0D
aloMEEIOS  HOMBOTI.  GIYIHE  MNDWla QBBIHEHS 2leIMEERUD
@RBHBMNGIMo, 3AIVBHE6S alldlory aldenOeamdlme OD aloManealo
DalGINCWINYAIE.

OOBHHEOS GUoaUl EREHNIM OISR KM HO@  AIBIGUIWME:So
212IM210EEBRGo oodle)ss enIMW@IEM Q6MBIDE O AlOM O @D
OROHISEL AR MT. GIYILE DBB AUBTNHBOS OOBHEONS 2IRIMEBBUD
DAleA 2] BOEUOISTTIMD HIDWILRBHEIG TMLIWIEEMWIT] Dale@IUTlHamM
Q6 alBlGUIWMBHUW  @Ryerm’ nﬂé(f)(b%-@m@)@ Mo (Fugl-Meyer
Assessment of Upper Extremity), @roum dlavdsl @moe esqy (Action
Research Arm Test) af)m @dXMBHOJo. aoém(o% COOA DIMHODIMo
218IM.2I0ERABSERe 16% MUIA® OME ag)IM DD AlOMOIIEIOS BHEENBOITI.
@RHHUM SlTUB.a] @Yo OSTYIMIBHEZ, 13% @M 21QIM2IEEBRS2IX TVIDY®
9880, KIWVIHOT A IBIGUILMHWBHE BOIRIT] @RBHNIMIAUITD HEEHSHS
qLIRQIQNCHD®HUWD @RYEM oIRIMIOERW GBRBLBAN® af)MIEM D
NEAUAHEMANRIODBIE Ml AMTSIRNEHIQYINE. @RMIMITI, GIYIHE 6TIUSlo
QU B8 GITHH @B 2l BlEULIWMB:UD 6).21QYMTIEMIOSIq o 21LIMIOEEBUY
&S| @RBHBINOEJOSCL @RAIMOS @RNAIGITC@IOCMHBS].a] aJBPaIW

2@o HgHQSS.

QAMAOO®  alOMOBI@, CTYDE  NDWla] AUBNHSBOS  OOHHBOS
JUBGDMo @REY B AURHCBIMSEITD af)@)dD00 OD.2|OA]STO ag)M@IET’
218IMalEERWB  Dale@IUla] mommﬂew@ma@d@lgg@@f 21BIMTMVAWo,
212IMGAIWo, 2IRINOTIMSS @RHWIMVo af)(TT 21LIM2I1QEEBRU GTYISHIM GLoaHo
8@ UAUOTIMSEIT  OD.o)ea|s QUMD  af)IN® DD  alOMOTEeS
am@mlanssl. @060 Do OBBIM., GIQJALPOID GTRIBE 6NIIUSl.2jQITk0,
QB 2lo(DEMHBOCS Gelo GTRIBE 6NUUS).2jQITRo DQS8B0IO0HOID GO O @B
OOBHHEOS 2lLIMEBRGEIM aCOINM] EGMFTO af)MM@o DD  AlOMOTIEOS
ammilanssl. GarRIes AUM@IMm Jan’ AXTVEDIMW GUOaUOjo 21QIM 2106BBLEIC3
6210lQ aJEOING] DEMBINJTNOIQo HOTBAB. GTYSH QUIN@IM  GUdHo
@ROINOGC®  MITVOO®  2lQIMAIOEBBR  @BCOINIYSS  ABBHSESO DI
©OOAY e ©2IQPBa PR Mo @RI (@JENILIN® QIOPIVERW DHLITo
HOENBO).

crRs)  nDWlal  QEDIHW  TUI@o  AMMVIENSBIN  OOBHHSHS
@RoUNAIBA @) Qo, 218IM.2lO6BBU 9l o] HEM BN BN
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@RoNAIAADIQo ©@Alg)88  UIMLAIETN  MINAODOD®  alOMOITD
momm’]ew@macﬁeﬂmﬂgg,@@“. BYIHE QUMM CRHBIPOOD GRHLHEIT QUHTBE
OEBSBOS HODHSOS 2IRINBEHHDOOWSER]| o] H:0610M WIEMERY DSBS af)MMo,
af)MM@  aB@IMo  MITVEBBWRHE GUOHo OEBRSOS 2lIMNHHUDOOQHRC].o]
@PAA HSOENW] GENDWANMIAIGBMMENE af)MVo AlOMOIIEIOS HEOETBOD.
B8 NNUWla) ANBD MUIWe AIAGRW 5] 2IEINHHUNOQo 2ILIM.2I6BRUD
9aleIUla] MANW]a] 2IEINMBHHUIOQo @ARNT QI@PTVEBW DETE agf)an
AUNROOWSRGo] NBNCVB@o EOITdBo ENOWANMIOIT|BlEH6 ErBOEITE:
a8 nNUWlel QlEOIQes dldal aJMEUWIANTVe TVIWIMIBHEMEAE;I@D
OEBBOS 2ILINHHUDOOVQo A lAlAIG]BH08Q0 ces(ﬂ_gdgg HOIMQ HIYaPS’
@ROIAHE) (NTBEHHEBD6NE.

It is hard to indeed notice anything for which the languages available to us have no description.
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